LHD inward-shifted configurations are unstable to resistive MHD pressure-gradientdriven modes. These modes drive sawtooth like events during LHD operation. In this work, we simulate sawtooth like activity and internal disruptions in order to improve the understanding of these relaxation events and their effect over the device efficiency to confine the plasma, with the aim to improve the LHD present and future operation scenarios minimizing or avoiding the disadvantageous MHD soft and hard limits. By solving a set of reduced non-linear resistive MHD equations, we have studied the evolution of perturbations to equilibria obtained before and after a sawtooth like event in LHD. The equilibrium β value is gradually increased during the simulation until it reaches the experimental value. Sawtooth like events and internal disruption events take place in the simulation for β 0 values between 1% and 1.48%. The main driver of the sawtooth like events is the resonant and non-resonant effect of the (n = 1, m = 3) mode. The instability is stronger for resonant events, and they only appear when β 0 = 1.48%. Internal disruptions are mainly driven by the (n = 1, m = 2) mode, and they extend throughout the whole plasma core. Internal disruption events do not show up when resonant sawtooth like events are triggered.
I. INTRODUCTION
In this work, we investigate magnetohydrodynamic (MHD) mode activity in the Large Helical Device (LHD). The highest stored energies and beta values in LHD are obtained in the so-called inward-shifted configurations. However, inward-shifted configurations MHD properties are unfavourable because a magnetic hill is located near the magnetic axis, and pressure-gradient-driven modes 1, 2 are not stabilized by the magnetic well or the magnetic shear 3 . Previous linear MHD stability studies pointed out that low n modes are unstable 4, 5 . In inward-shifted LHD configurations pressure-gradient-driven modes limit the operation efficiency of LHD, but they only increase slightly the energy transport out of the system 6 . There is an interpretation of the stabilizing mechanism that avoids the excitation of low n interchange modes for β 0 < 1%; the pressure profile is flattened around the rational surfaces 7, 8 where the mode growth saturates. Pressure evolves to a staircase-like profile and the modes suffer periodic excitations and relaxations.
Periodic relaxations events, similar to sawtooth phenomena, have been observed in LHD inward-shifted configurations 9, 10 . This type of activity was detected in pellet fuelled plasmas with peaked pressure profiles and intense NBI heating 11 with and without large net toroidal current 12 . Internal disruptions and sawtooth like activity were first studied in other Stellarator devices like Heliotron-E [13] [14] [15] and CHS 16, 17 . In these devices, sawtooth like events were driven before or after internal disruptions. Internal disruptions strongly affected the equilibrium properties of the system while sawtooth like events could be driven without large changes of the equilibrium characteristics. In LHD there is only sawtooth like a) Electronic mail: jvrodrig@fis.uc3m.es activity experimental evidence, but in future operations with high beta and plasma density in inward-shifted configurations, internal disruptions could be driven and it is important to foresee their effects on the plasma co nfinement and their relation with the 1/2 sawtooth like activity 9 . The aim of the present research is to simulate internal disruptions and sawtooth like activity to improve the understanding of these relaxation events and try to avoid or minimize their effects over the LHD plasma confinement efficiency. The present and future LHD operation scenarios must be optimized versus the MHD soft and hard limits, because it was observed during the experiments that the MHD activity limits the LHD performance. Advanced LHD operation can be only reached if sawtooth like activity is minimized and if the conditions for internal disruptions are avoided. The present study conclusions show the conditions and consequences of internal disruptions and sawtooth like events over the LHD performance and how to avoid or reduce their effect.
The simulations were made using the FAR3D code [18] [19] [20] . This code solves the reduced non-linear resistive MHD equations to follow the system evolution under the effect of a perturbation of the equilibrium. The equilibria were calculated with the VMEC code 21 , and they correspond to two LHD configurations without net toroidal current before and after a sawtooth like event 9 . This paper is organized as follows. The model equations and the numerical scheme are explained in section II. The equilibrium properties, numerical calculation conditions and diagnostics are also described. The simulation results are presented in section III. Finally, the conclusions of this paper are presented in section IV.
II. EQUATIONS AND NUMERICAL SCHEME
For high-aspect ratio configurations with moderate β-values (of the order of the inverse aspect ratio), we can apply the method employed in Ref. 22 for the derivation of the reduced set of equations without averaging in the toroidal angle. In this way, we get a reduced set of equations using the exact three-dimensional equilibrium. In this formulation, we can include linear helical couplings between mode components, which were not included in the formulation developed in Ref. 22 .
The main assumptions for the derivation of the set of reduced equations are high aspect ratio, medium β (of the order of the inverse aspect ratio ε = a/R 0 ), small variation of the fields, and small resistivity. With these assumptions, we can write the velocity and perturbation of the magnetic field as
where ζ is the toroidal angle, Φ is a stream function proportional to the electrostatic potential, and ψ is the perturbation of the poloidal flux. The equations, in dimensionless form, are
Here, U = √ g ∇ × ρ m √ gv ζ , where ρ m is the mass density. All lengths are normalized to a generalized minor radius a; the resistivity to η 0 (its value at the magnetic axis); the time to the Alfvén time τ A = R 0 (µ 0 ρ m ) 1/2 /B 0 ; the magnetic field to B 0 (the averaged value at the magnetic axis); and the pressure to its equilibrium value at the magnetic axis p 0 . The Lundquist number S is the ratio of the resistive time τ R = a 2 µ 0 /η 0 to the Alfvén time. The β-value at the magnetic axis is β 0 = 2µ 0 p 0 /B 2 0 . Each equation has a perpendicular dissipation term, with the characteristic coefficients D (the collisional cross-field transport), and µ (the collisional viscosity for the perpendicular flow). A source term Q is added to equation (4) to balance the energy losses.
Equilibrium flux coordinates (ρ, θ, ζ) are used. Here, ρ is a generalized radial coordinate proportional to the square root of the toroidal flux function, and normalized to one at the edge. The flux coordinates used in the code are those described by Boozer 23 , and √ g is the Jacobian of the coordinates transformation. All functions have equilibrium and perturbation components like A = A eq +Ã. The operator ∇ || denotes derivation in the direction parallel to the magnetic field, and is defined as
where -ι is the rotational transform. The FAR3D code uses finite differences in the radial direction and Fourier expansions in the two angular variables. The poloidal flux ψ and the pressure p are expressed as cosine series,f (ρ, θ, ζ, t) = n,mf n,m (ρ, t) cos(mθ + nζ), and the stream function Φ is expressed as a sine series, Φ(ρ, θ, ζ, t) = n,mΦ n,m (ρ, t) sin(mθ + nζ).
The numerical scheme is semi-implicit in the linear terms. The nonlinear version uses a two semi-steps method to ensure (∆t) 2 accuracy.
A. Equilibrium properties
Two different equilibria have been used for the simulations. Both were calculated by using the free-boundary version of the VMEC code 21 . The electron density and temperature profiles where reconstructed by Thomson scattering data and electron cyclotron emission. This is a high density plasma produced by sequentially injected hydrogen pellets, and strongly heated by 3 NBI after the last pellet injection. The first equilibrium (case I) is calculated from experimental data measured before a sawtooth like event, and the second equilibrium (case II) is calculated from data after the same event 9 . The vacuum magnetic axis is inwardshifted (R axis = 3.6 m), the magnetic field at the magnetic axis is 2.75 T, the inverse aspect ratio ε is 0.16, and β 0 is 1.48% for case I, and 1.25% for case II. The pressure profile in case I is more peaked than in case II (see figure 1) , and the rotational transform profile is similar for both equilibria.
B. Calculation parameters
The calculations have been done with a uniform radial grid of 500 points. Up to 515 Fourier components have been included in the calculations (see figure 2 ). The maximum n value is 30. The FAR3D code allows for linear helical couplings. However, for the equilibria considered here, the linear results obtained including these helical couplings do not change substantially with respect to those obtained including only toroidal couplings. For this reason, in these nonlinear calculations we only include equilibrium components with n = 0 and 0 ≤ m ≤ 5. The Lundquist number is S = 10 5 , and the coefficients of the dissipative terms are independent of ρ with values µ = 7.5 × 10 −6 and D = 1.25 × 10 −5 . They are normalized to a 2 /τ A . The resistivity is also assumed constant (η = 1).
FIG. 2. Fourier modes included in the simulation.
The Lundquist number is 2-3 orders of magnitude lower than the experimental value in the plasma core. For S = 10
5 the plasma has a larger resistivity than in the experiment. A previous research 10 has shown that sawtooth like events are observed for S < 10 8 . The S value is smaller than the value in the experiment for computational reasons, and the consequence is that sawtooth events in the simulation will be stronger than those observed in the experiments 24, 25 . Figure 3 shows the effect of diffusion on the linear growth rate of each toroidal mode family. Modes with toroidal mode number n > 3 suffer a strong stabilization but the linear growth rate of low n modes (n = 1, 2, 3) is only weakly affected by the dissipation. With D = 1.25 × 10 −5 we have a significant range of stable modes (18 ≤ n ≤ 30). In order to reach a smooth saturation, we increase gradually β in the simulation. We start with a β-value half the final value and we increment the value in five steps. The increment is one tenth of the final value. From now on, we will denote the first period of the evolution (half the final β) as A, the second (3/5 of the final β) as B, and so on, until reaching the final β-value in period F . The final β-values are the experimental ones, that is, β 0 = 1.48% for case I, and β 0 = 1.25% for case II.
The source term Q added to equation (4) is a Gaussian centered near the magnetic axis. This energy input is dynamically fitted, in such a way that the value of the volume integral of the pressure is kept almost constant during the evolution.
FIG. 3. Linear growth rate vs n for two different values of the diffusion coefficient D.

C. Diagnostics
We use several diagnostics to characterize the evolution. The averaged pressure profile, p = p eq (ρ) +p 00 (ρ), where the angular brackets indicate average over a flux surface, and p 00 is the (n = 0, m = 0) Fourier component of the pressure perturbation. The unstable modes drive deformations in the pressure profile in the vicinity of the rational surfaces, hence the averaged pressure p flattens in the more unstable regions. The instantaneous rotational transform profile is given by the expression
This instantaneous rotational transform profile gives us information about the resonant modes in the plasma and the (instantaneous) position of their rational surfaces. This diagnostic will be crucial to understand fluctuations close to the magnetic axis. Two-dimensional contour plots are very useful to visualize regions of large gradients and strong perturbations. We will use three versions of contour plots. The first one is the contour plot of the pressure. Expressed in terms of the Fourier expansion, p = p eq (ρ) + n,mp n,m (ρ) cos(mθ + nζ). Sometimes it will be more interesting to use the pressure perturbation,p = n,mp n,m (ρ) cos(mθ + nζ), or the perturbation of the pressure with respect to the (flux surface) averaged pressure, p − p = (n,m) =(0,0)p n,m (ρ) cos(mθ + nζ).
The last set of diagnostics is related to the magnetic field structure. By integrating the magnetic field line equations, we can obtain Poincaré plots at a given toroidal angle. This Poincaré plots are very useful to visualize the topology of the (instantaneous) magnetic field. By including in the Fourier expansion of the magnetic flux ψ only the components belonging to a given helicity n/m, we get the magnetic island corresponding to that helicity. When the magnetic islands overlap, some stochastic regions appear where the magnetic field lines will cover some volume of the torus 26 . These stochastic magnetic field line structures are visualized when all the Fourier modes are included in the expansion of ψ, and these stochastic regions are associated to different rational surfaces very close between them but not always overlapped.
III. SIMULATION RESULTS
For each β-value, fluctuations nonlinearly evolve to a saturated state. The energy at saturation increases as the β-value raises (see figure 4) . In periods A to C the saturation level is almost constant with small oscillations. For periods D to F, there are strong oscillations in the steady state. There are some overshoots when β is changed (transitions from one period to the next) but the evolution is smooth most of the time. In all the calculations, we assume that the resistive time τ R is 1 second. The energy evolution of the dominant modes during period D is shown in figure 5 (up) for case I. We distinguish two different types of events during the evolution: non resonant sawtooth like events and internal disruptions. Sawtooth like events are related with fast changes in the energy of dominant modes n/m = 1/2, 2/3 and magnetic energy local maxima of mode 1/3. We call them "non resonant" because the 1/3 rational surface is not in the plasma. Internal disruptions occur at the 1/2 rational surface, and they are preceded by a fast decrease of the energy of the dominant modes before a sharply increase of the energy of modes 2/3 and 2/5, with a local minimum of the energy of mode 1/3.
The evolution of the energy of the dominant modes in period F (see figure 5 down) is similar to periods D and E but the oscillations are stronger and faster because the system has more energy to drive instabilities. In this period there are no internal disruptions but a new class of sawtooth like event is observed when the mode 1/3 is located inside the plasma core. We call such event resonant sawtooth like event.
The energy evolution during period F of case II is shown in figure 6 . The oscillations and the instabilities are weaker than in the case I. In this period only non resonant sawtooth like events are driven.
In summary, non resonant sawtooth like events and internal disruptions are observed for β 0 ≥ 1% for cases I and II. Resonant sawtooth like events are only observed for case I and β 0 = 1.48%. Internal disruptions were not observed for the latter. The properties of each type of event are described in the next subsections. A. Non resonant sawtooth like event, case I Figures 7 and 8 show the evolution of pressure iso-contours on the poloidal plane ζ = 0 to illustrate a non resonant sawtooth like event of case I. Since we use Boozer coordinates to display these contours, the equilibrium flux surfaces are circles.
At t = 0.4 s, Fig. 7(a) , the instability is located in the middle region of the plasma. Between t = 0.4 and t = 0.41 s, the instability propagates to the inner region. At t = 0.41 s, Fig. 7(b) , the middle and inner part of the plasma are linked by an m = 3 structure due to the non resonant effect of mode 1/3, and the magnetic energy of the 1/3 component reaches a local maximum. At t = 0.42 s, Fig. 7(c) , the dominant instability is again located in the middle region of the plasma. At both t = 0.4 and t = 0.42 s, the deformation in the middle region of the plasma is an m = 5 structure due to the 2/5 component. The perturbation with respect to the equilibrium shows a pattern of three blobs in the inner plasma region at t = 0.41 s, Fig. 8(a) , and a pattern of five blobs at t = 0.42 s, Fig. 8(b) . Therefore the 1/3 component dominates in the inner region at t = 0.41 s, but the 2/5 component dominates at t = 0.50 s. The iso-contours of the total pressure at t = 0.42 s are shown in Fig. 8(c) . The contours are strongly deformed with respect to the equilibrium, but there is not a clear pattern corresponding to a given component. The averaged pressure and the instantaneous rotational transform profiles during the non resonant sawtooth like event are shown in figure 9 . At t = 0.41 s, the pressure profile flattening in the inner region corresponds to the 2/5 mode, in the middle region to the 1/2 and 3/7 modes, and in the periphery to the 2/3 mode. At t = 0.42 s, the flattening at the 3/7 rational surface decreases but the flattening at the 2/5 rational surface slightly increases. It seems from these observations that the deformation of the pressure profile in the region 0 < ρ < 0.2 at t = 0.41 s is not driven by the 2/5 rational surface, because its maximum deformation takes place at t = 0.42 s, and its effect is located in the region 0.25 < ρ < 0.4. This leaves us with the non resonant 1/3 component as the main candidate to explain the deformation in the region 0 < ρ < 0.2.
The magnetic field structure during the non resonant sawtooth like event is shown in figure 10 . For each time, we obtain the Poincaré plots in two ways. First we include only the modes belonging to a given helicity n/m in the Fourier series of the perturbed poloidal flux. We repeat the calculation for the helicity of the main components. This gives us plots which represent the structure of the magnetic islands associated to each helicity, like in Figs. 10(a) to (c) . When all the modes are included in the calculation, we get the total magnetic field line plots, Figs. 10(d) to (f) . At t = 0.4 and t = 0.41 s a stochastic field region appears between the inner and outer region due to the overlap of the islands with helicities 1/2, 2/5, 3/7 and 3/8. At t = 0.41 s the 1/3 mode non resonant effect drives a strong deformation of the magnetic surfaces near the magnetic axis, and the stochastic region reaches the periphery. At t = 0.42 the magnetic island sizes decrease, and the deformation is reduced near the magnetic axis, decreasing the stochastic region in the periphery. The 2/5 island does not reach its maximum size at t = 0.41 s when the 1/3 mode deformation in the plasma core is maximum. Therefore, during the non resonant sawtooth events the main contribution to the instability is possibly due to the 1/3 mode.
In summary, when the maximum energy of the 1/3 mode is reached, and the rotational transform at the magnetic axis is close to 1/3, a non resonant sawtooth like event can be driven between the middle and inner plasma regions. After non resonant sawtooth like events the equilibria does not suffer a main modification and these oscillations can be driven consecutively. The system efficiency to confine the plasma decreases only slightly, because the stochastic region is located only between the middle and inner plasma, but it does not reach the inner part or the plasma periphery. It is worth noting that the Lundquist number used in the simulations, S = 10 5 , is two orders of magnitude smaller than the experimental value. As a consequence, the magnetic island sizes are going to be much larger than the experimental ones 24, 25 .
B. Non resonant sawtooth like event, case II
The equilibrium pressure profile near the magnetic axis in case II is flatter than in case I. Therefore case II is more stable than case I, sawtooth events are weaker and their evolution is slower. In case II, period F (experimental β value), only non resonant sawtooth like events are driven. Figure 11 shows the averaged pressure and the instantaneous rotational transform profiles during a non resonant sawtooth like event in case II, period F. The sawtooth event starts at t = 1.53 s. The averaged pressure profile is flattened in the inner plasma region between t = 1.54 and t = 1.56 s. The event ends at t = 1.57 s when the pressure profile is less flattened in the inner region. The pressure profile flattening is similar to case I but the deformation does not reach the plasma region close to the magnetic axis (ρ < 0.25).
The number of events driven during the simulation period F in case II is lower than in case I. The evolution of the value of the rotational transform at ρ = 0, 0.05, 0.1, 0.15 and 0.2 is shown in figure 12 . The beginning of each non resonant sawtooth event is indicated by a green arrow.
The pressure iso-contours on the poloidal plane ζ = 0, figure 13 (a) to (e), show similar patterns than the case I non resonant events but the evolution is slower. At t = 1.54 and 1.56 s the instability propagates between the middle plasma and the inner plasma region like a m = 3 structure. At t = 1.55 s the pressure gradient deformation is maximum in the inner plasma but the instability is closer to the middle plasma region than in the case I. At t = 1.57 s, the m = 3 structure disappears and a m = 5 structure dominates in the inner plasma.
The pressure perturbation with respect to the equilibrium shows a pattern of three blobs in the inner plasma region at t = 1.55 s, Fig. 13 (f) , but the structures are not as closer to the magnetic axis as in case I . The iso-contours of the total pressure at t = 1.55 s, Fig. 13 (g), show a large flux surface deformation in the middle plasma like in the case I but it is weaker near the magnetic axis.
The magnetic field structure, Fig. 14 , is again similar to the case I patterns. At t = 1.53 s the dominant magnetic islands overlapping is small and the stochastic region in the middle of the plasma does not reach the inner region. At t = 1.55 s the magnetic island size increases and the stochastic region reaches the inner region; several magnetic surfaces break down in the inner plasma region and are perturbed in the region close to the magnetic axis. In case I, the stochastic region is closer to the magnetic axis, where the distortion of the magnetic surfaces is larger. At t = 1.57 s, the stochastic region and the magnetic islands size decrease but the magnetic surfaces are recovered slower than in case I. 
C. Internal disruption
Next, we examine the so-called internal disruption event that is preceded by a fast decrease of the 1/2 mode energy (see figure 5) . From the averaged pressure profile, figure 15 , we see that there is a strong deformation in ρ = 0.5 at t = 0.66 s. This deformation is located at the position of the -ι = 1/2 rational surface, where the profile shows an inversion. At t = 0.67 s the flattening of the profile in the middle region decreases and appears a new profile flattening at ρ = 0.3 driven by the rational surface 2/5. At t = 0.68 s the profile flattening disappears in the inner region and decreases in the middle region of the plasma, while in the periphery the deformation driven by the rational surface 2/3 is large. From this, we can conclude that the internal disruption starts with a strong deformation due to the 1/2 mode. Later on, this perturbation propagates in radius in both directions.
The magnetic field structure during the internal disruption event is shown in figure 16 . At t = 0.65 s the island sizes are small and there is no strong overlapping. There are several distinct regions where the magnetic surfaces are well defined between the inner region and the periphery. At t = 0.66 s there are broad magnetic islands of different helicicities that overlap between the inner and the periphery plasma region. The 1/2 and 2/3 islands clearly dominate. At t = 0.67 s a sort of magnetic reconnection takes place in the middle region of the plasma. There is still large overlapping of the islands and the magnetic surface deformation close to the magnetic axis is strong. At t = 0.68 s the magnetic reconnection reaches the plasma inner region, and the deformation close to the magnetic axis disappears, recovering some good plasma confinement regions like at t = 0.65 s.
In summary, the 1/2 helicity is the main driver of internal disruptions. The dominant deformation in the averaged pressure is that associated with the 1/2 component. The equilibrium in an internal disruption suffers an important reorganization, because the stochastic region expands along the plasma. Unlike sawtooth like events, we have not observed consecutive internal disruptions. The instability in an internal disruption starts in the middle region of the plasma, and expands to the inner region and the periphery of the plasma.
D. Resonant sawtooth like event
For case I and β 0 = 1.48%, the 1/3 rational surface is located inside the plasma during some phases of the sawtooth like events. This is illustrated in figure 17 , where the evolution of the rotational transform at the magnetic axis and at ρ = 0.05, 0.1, 0.15, 0.2 is shown. The time interval between peaks shows the periodicity of the sawtooth event. Figure 18 shows that the instantaneous rotational transform profile crosses the 1/3 value at t = 1.5 s, and the averaged pressure profile is strongly modified. The magnetic field structure during the resonant sawtooth like event is shown in figure 19 . At t = 1.495 and 1.505 s the magnetic islands 2/5, 3/8, 3/7 and 1/2 slightly overlap between the periphery and the inner region, with several regions where the magnetic surfaces are well defined. At t = 1.5 s the 1/3 resonant mode drives a strong magnetic deformation close to the magnetic axis, and magnetic islands associated to the 1/3 helicity appear. The overlap of these islands with the other islands present in the plasma broadens the stochastic region until reaching most of the plasma volume.
FIG. 18.
Evolution of the averaged pressure and rotational transform profiles for a resonant sawtooth like event.
In summary, in case I with β 0 = 1.48 % the sawtooth like events are more intense because the rational surface 1/3 is inside the plasma. During period F (β 0 = 1.48%) internal disruptions are not driven because the deformation near the magnetic axis due to the 1/3 component prevents the deformation due to the 1/2 mode reaches the plasma inner region. The equilibrium does not suffer a large reorganization after a resonant sawtooth like event, and consecutive events can be driven. The 1/3 magnetic islands close to the magnetic axis expand the stochastic region until reaching most of the plasma volume. 
IV. CONCLUSIONS AND DISCUSSION
The results of the simulations show that internal disruptions and non resonant sawtooth like events are driven for β 0 ≥ 1%, but resonant sawtooth like events are only driven for case I and β 0 = 1.48%. The main driver of sawtooth like events is the n/m = 1/3 mode. Non resonant events correspond to instances in which the -ι = 1/3 rational surface is not present in the plasma, and resonant events to instances in which the -ι = 1/3 rational surface is in the plasma, close to the magnetic axis. The resonant sawtooth drives a larger instability than the non resonant, and both events are stronger as β increases. The sawtooth like events are less dangerous than the internal disruptions driven by the 1/2 mode, because the equilibrium suffers a major reset after an internal disruption. Internal disruptions are not driven in the simulations with β 0 = 1.48%, because the 1/3 mode causes a strong deformation, and the deformation driven by the 1/2 mode does not reach the inner region of the plasma. The resonant and non resonant sawtooth like events frequency increases with β, and for β 0 = 1.48% these events can remove the system energy before an internal disruption is driven.
The Lundquist number in the simulations is 2-3 orders of magnitude lower than the experimental value. Because the simulation is more resistive than the experiment, the disruption and sawtooth like events driven in the simulation are stronger than the sawtooth like activity observed in the experiments. The relationship between internal disruptions and 1/2 sawtooth like activity will be the target of a future research.
During LHD operation, non resonant sawtooth like events are driven and they cannot be avoided, because the 1/3 non resonant effect will always influence the stability in the inner region of the plasma and it can be only reduced by keeping the rational transform profile far away from -ι = 1/3. The resonant events can be prevented if the rotational transform profile does not fall bellow 1/3.
